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Externally Applied RF for Pulmonary Vein Isolation

BACKGROUND OF THE INVENTION

1. Field of the Invention.

5 [0001] This invention relates to methods and apparatus

for the medical treatment of disease of the heart. More par-

ticularly, this invention relates to a method and apparatus for

treating cardiac arrhythmias by ablating in a vicinity of pul-

monary venous tissue using radiofrequency energy.

10 2. Description of the Related Art.

[0002] Invasive cardiac ablation techniques are well-

known in the art. For example, U.S. Patent Nos . 5,443,489,

5,480,422 and 5,954,665 to Ben-Haim describe systems for ablat-

ing cardiac tissue. U.S. Patent Nos. 5,807,395 to Mulier et

15 al., and 6,190,382 to Ormsby et al . , describe systems for ab-

lating body tissue using radio frequency. U.S. Patent

Nos. 6,251,109 and 6,090,084 to Hassett et al . , 6,117,101 to

Diederich et al . , 5,938,660 and 6,235,025 to Swartz et al . ,

6,245,064 to Lesh et al
. , 6,164,283, 6,305,378 and 5,971,983 to

20 Lesh, 6,004,269 to Crowley et al . , and 6,064,902 to Haissa-

guerre et al
. , describe apparatus for tissue ablation to treat

atrial arrhythmia, primarily by ablating tissue located within

the pulmonary veins or on the ostia of the pulmonary veins.

U.S. Patent No. 5,3 66,4 90 to Edwards et al . describes a method

25 for applying destructive energy to a target tissue using a

catheter.

[0 0 03] More recently, circumferential lesions at or

near the ostia of the pulmonary veins have been created to
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treat atrial arrhythmias. U.S. Patent 6. 012 57 and

6 ,
024 , v4 0, both to Leah, disclose a radially expandable abla^

tron device, which includes a radiofrequency electrode. Using

this device, it is proposed to deliver radiofregency energy to

the plenary veins in order to establish a circumferential

conduction bloc,, thereby electrically isolating the pulmonary

veins from the left atrium.

t0004 ] Radiofrequency ablation using multiple contigu-

ous circumferential points, guided by electro-anatomical map-

ping is proposed in the document, Circumferential Radiofre-

T^-fr, nqtia- A New Anatomic Ap-
quency Ablation of Pulmonary Vein Ostia. A

proach for Curing Atrial Fibrillation, Pappone C. et al .

.

culation 102:2619-2628 (2000)

.

[0005) It has also been proposed to produce circumfer-

ential ablative lesions using ultrasound delivered through a

nalloon. This technique is described, for example, in the docu-

ment First Human Experience Witn Pulmonary Vein Isolation Us-

Z - Through-the-Balloon Circumferential Ultrasound Ablation

System for Recurrent Atrial Fibrillation, Natale A, et

Circulation 102,1879-1862 (2000). ,„,.,, de-
[00061 PCT Publication WO 02/30331 to Walsh at al

.

de

scribes a stent device that is geometrically adapted to irradi-

ate an area that is confined primarily to the vascular endothe-

liUm, in order to ablate hyperplastic tissue growing around the

stent. Radiation by the stent occurs when it is subjected to a

„ . H bv an external scanner. Repeated ablation by
RF field produced by an externdx

this device is said to prevent blockage of the stent.

SUMMARY OF THE INVENTION

[00071 improved apparatus and methods for electrically

, isolating the pulmonary vein by accomplishing a circumferential
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conduction block surrounding the pulmonary vein ostium are pro-

vided in accordance with a disclosed embodiment of the inven-

tion. Particularly, the invention provides an indwelling appa-

ratus for repeating a therapeutic ablation of conductive tissue

5 surrounding the pulmonary vein ostium. The indwelling apparatus

can be biodegradable.

[0008] In embodiments of the invention, a resonant cir-

cuit is incorporated in a stent, which is adapted to be im-

planted in a pulmonary vein proximate the ostium of the left

10 atrium. Implantation is accomplished by known cardiac cathe-

terization techniques. When an external RF field is generated

at the resonant frequency of the stent, RF energy is re-

radiated by the stent toward electroconductive tissue in the

wall of the pulmonary vein. This produces a circumferential

15 conduction block, thereby electrically isolating the pulmonary

vein from the left atrium. The stent may be left in situ. In

some embodiments, the stent is made of biodegradable materials,

so that it eventually is resorbed.

[0009] Advantageously, after the invasive portion of

2 0 the procedure has been completed, repeated ablation can be per-

formed using the inserted stent until it has been determined

that the desired lesions have been formed. Furthermore, the

same stent can potentially be used even years after being in-

serted, should the treated arrhythmia reoccur, or a new ar-

25 rhythmia develop, thereby possibly obviating the need for an

invasive procedure at that future time.

[0 010] The invention provides a method for electrically

isolating a cardiac chamber, which is carried out by introduc-

ing a resonant circuit into an operative position proximate an

30 ostium of a pulmonary vein, and generating an electromagnetic

field at a site remote from the resonant circuit, wherein the
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resonant circuit is operatively included in the electromagnetic

field. The electromagnetic field has a frequency substantially

equal to the resonant frequency of the resonant circuit, caus-

ing the resonant circuit to re -radiate electromagnetic energy

5 so as to ablate intramural target tissue in the pulmonary vein.

[0011] In an aspect of the method the electromagnetic

field is generated until a conduction block at the target tis-

sue is confirmed.

[0012] In another aspect of the method the resonant

10 circuit is included in a stent, the resonant circuit is intro-

duced by circumferentially engaging the stent with an inner

wall of the pulmonary vein to define a circumferential region

of contact between the stent and the pulmonary vein, wherein a

principal axis of the stent is substantially aligned coaxially

15 with the pulmonary vein.

[0013] One aspect of the method includes automatically

calibrating the stent to resonate at a frequency of the elec-

tromagnetic field

.

[0014] In one aspect of the method, circumferentially

2 0 engaging the stent is accomplished by radially expanding the

stent

.

[0015] According to an additional aspect of the method,

the stent is constructed of an alloy that has a shape memory.

[0016] Still another aspect of the method includes

25 varying the temperature of the stent to alter its configura-

tion.

[0017] In yet another aspect of the method, while vary-

ing the temperature, the stent radially expands responsive to

its shape memory.

30 [0018] According to a further aspect of the method, the

stent is constructed of a biodegradable material.
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[0019] In one aspect of the method, after generating an

electromagnetic field, the stent is left at the operative posi-

tion, and thereafter the step of generating an electromagnetic

field is repeated.

5 [0020] The invention provides a system for electrically

isolating a cardiac chamber, including a resonant circuit

adapted for introduction into an operative position in a pulmo-

nary vein proximate an ostium thereof. The resonant circuit re-

radiates radiofrequency energy responsively to an externally

10 generated electromagnetic field that has a frequency substan-

tially equal to the resonant frequency of the resonant circuit,

the electromagnetic field causing the resonant circuit to re-

radiate the radiofrequency energy so as to ablate intramural

target tissue in the pulmonary vein.

15 [0021] The system may include a sensor for monitoring

electrophysiologic cardiac properties of a subject for deter-

mining if a predefined end point has been reached. The prede-

fined end point can be confirmation of a conduction block at

the target tissue.

20 [0022] A further aspect of the system includes a stent

dimensioned for circumferentially engagement with an inner wall

of the pulmonary vein to define a circumferential region of

contact between the stent and the pulmonary vein, wherein a

principal axis of the stent is substantially aligned coaxially

2 5 with the pulmonary vein. The resonant circuit is incorporated

in the stent

.

[0023] Another aspect of the system includes a plural-

ity of capacitors in the resonant circuit, and a control cir-

cuit for automatically selecting one of the capacitors respon-

30 sively to a frequency of the electromagnetic field so as to
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conform the resonant frequency of the resonant circuit with the

frequency of the electromagnetic field.

[0024] According to another aspect of the system, the

stent is constructed of an alloy has a shape memory.

5 [0025] According to one aspect of the system, the stent

is constructed of a biodegradable material.

[0026] The invention provides a system for electrically

isolating a cardiac chamber, including a resonant circuit

adapted for introduction into an operative position in a pulmo-

10 nary vein of a subject proximate an ostium of the pulmonary

vein, a catheter adapted to carry the resonant circuit into the

operative position in the pulmonary vein, and a stent dimen-

sioned for circumferential engagement with an inner wall of the

pulmonary vein to define a circumferential region of contact

15 between the stent and the pulmonary vein. A principal axis of

the stent is substantially aligned coaxially with the pulmonary

vein, and the resonant circuit is incorporated in the stent.

The system includes a generator disposed external to the sub-

ject for generating an electromagnetic field that has a fre-

2 0 quency substantially equal to the resonant frequency of the

resonant circuit, the electromagnetic field operatively includ-

ing the resonant circuit and causing the resonant circuit to

re-radiate electromagnetic energy so as to ablate intramural

target tissue in the pulmonary vein.

25 [0027] An additional aspect of the system includes a

sensor for monitoring electrophysiologic cardiac properties of

the subject for determining if a predefined end point has been

reached

.

[0028] According to still another aspect of the system,

30 the predefined end point is confirmation of a conduction block

at the target tissue.
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[0029] A further aspect of the system includes a plu-

rality of capacitors in the resonant circuit, and a control

circuit for automatically selecting one of the capacitors re-

sponsively to a frequency of the electromagnetic field so as to

5 conform the resonant frequency of the resonant circuit with the

frequency of the electromagnetic field.

[0030] An additional aspect of the system includes a

localizing subsystem for tracking a position and orientation of

the catheter, including a plurality of localizing field genera-

10 tors disposed external to the subject, a position sensor on the

catheter that is responsive to localizing electromagnetic

fields produced by the localizing field generators, and a re-

ceiver responsive to an output of the position sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

15 [0031] For a better understanding of the present inven-

tion, reference is made to the detailed description of the in-

vention, by way of example, which is to be read in conjunction

with the following drawings, wherein like elements are given

like reference numerals, and wherein:

20 [0032] Fig. 1 is a schematic illustration of an abla-

tion system that is constructed and operative in accordance

with a disclosed embodiment of the invention;

[0033] Fig. 2 is an enlarged schematic view of a distal

segment of a catheter used in the ablation system shown in

25 Fig. 1;

[0034] Fig. 3 is an enlarged schematic diagram of a

stent having a resonant response to an electromagnetic field

for use in the system of Fig. 1 in accordance with a disclosed

embodiment of the invention;



47548 Ver. 47548S5.doc

8

[0035] Fig. 4 schematically illustrates a stent circuit

having an automatic calibration circuit, which is constructed

and operative in accordance with an alternate embodiment of the

invention;

[0036] Fig. 5 is an electrical schematic of an equiva-

lent circuit for the stent shown in Fig. 3; and

[0037] Fig. 6 is a flow chart illustrating a method of

electrical isolation of a pulmonary vein in accordance with a

disclosed embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0038] In the following description, numerous specific

details are set forth in order to provide a thorough under-

standing of the present invention. It will be apparent to one

skilled in the art, however, that the present invention may be

practiced without these specific details. In other instances,

well-known circuits and control logic have not been shown in

detail in order not to unnecessarily obscure the present inven-

tion.

System Architecture.

[0039] Turning now to the drawings, reference is ini-

tially made to Fig. 1, which is a schematic illustration of an

ablation system 10 that is constructed and operative in accor-

dance with a disclosed embodiment of the invention. The sys-

tem 10 is adapted to ablate target tissue 12 of a patient, and

has a locating and mapping subsystem 14 that includes a plural-

ity of radiofrequency (RF) transmitters 16 coupled to a control

unit 18. The transmitters 16 can operate in a low-power mode

for purposes of location and mapping, and in a high-power mode

for purposes of target tissue ablation. Alternatively, separate
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transmitters may be provided for location sensing and for abla-

tion. A stent 20 having a resonant circuit is disposed in a

pulmonary vein 22 proximate the target tissue 12 to be ablated,

as shown in further detail hereinbelow. In some embodiments,

5 the stent 2 0 is dimensioned so as to engage the pulmonary vein.

An outer diameter of 3 cm is suitable.

[0040] In other embodiments, in which it not intended

to stent the pulmonary vein, but only to ablate target tissue,

it is not required to physically engage the wall of the pulmo-

10 nary vein at all in order to accomplish ablation. In such em-

bodiments, it is only necessary that the resonant structure be

positioned so as to include the target tissue within its opera-

tional range, after which it can be energized as further dis-

closed herein. Such embodiments have the advantage that in a

15 single model, a relatively small resonant structure can be used

for all applications, in patients of different ages and sizes,

without need for accurately dimensioning the structure to the

pulmonary vein or undertaking the construction required for the

resonant structure to function as a stent.

20 [0041] To assist in inserting the stent at a desired

site, a cardiac catheter 24 is used. The catheter 24 is pro-

vided with a sensor 26 for determination of the location of the

catheter's distal segment 28, which carries the stent 20 during

insertion. In some embodiments, the catheter 24 also has at

25 least one monitoring electrode 30 for sensing electrical prop-

erties of the cardiac site. The target tissue 12 to be ablated

can be located using the location and mapping system disclosed

in commonly assigned U.S. Patent No. 5,840,025 and U.S. Patent

No. 5,3 91,199, which are herein incorporated by reference. For

30 the embodiment of U.S. Patent No. 5,840,025, the monitoring

electrode 30 may also serve as mapping electrodes. The elec-
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trodes detect local electrical activity of a heart 32, as a

function of the location coordinates provided by the sensor 26.

The distal segment 28 of the catheter 24 can be radio-opaque,

in order to facilitate its localization by conventional radio-

5 graphic techniques, alternatively or in addition to the system

disclosed in the above-noted U.S. Patent No. 5,840,025.

[0042] In an embodiment of the present invention, the

sensor 26 is an electromagnetic position and orientation sen-

sor, which receives electromagnetic field signals from a plu-

10 rality of electromagnetic field transmitters 16, which are

placed externally to the patient, on or near the body surface.

During use, the transmitters 16 transmit electromagnetic fields

to define a frame of reference in order to track the position

and orientation of the distal segment 28 of the catheter 24.

15 Thus, based on sensed electromagnetic fields, the sensor 26

transmits a location signal to the control unit 18 by providing

at least 5 dimensions of position and orientation information

(X, Y, Z, pitch and yaw) in the form of coordinate information.

In some embodiments, six dimensions of position and orientation

20 information (X, Y, Z, pitch, yaw and roll) are provided. The

signal is transmitted by leads 34 in the catheter 24, which

connect to the control unit 18. Alternatively, transmission of

the signal from the sensor 26 to the control unit 18 may be

wireless, in which case the control unit 18 is provided with a

25 wireless receiver (not shown)

.

[0043] Understanding of the instant invention will be

facilitated by a brief description of the locating and mapping

subsystem 14 used to track the position of the distal seg-

ment 28, which is disclosed in the above-noted U.S. Patent

30 Nos . 5,840,025 and 5,391,199. The sensor 26 is used to sense

the instantaneous position of the distal segment 28, and is
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typically an alternating current (AC) magnetic field receiver

that senses magnetic fields generated by the transmitters 16.

These transmitters generate AC magnetic fields to define a

fixed frame of reference. Suitable sensors for use as the sen-

5 sor 26 are further described in the above-noted U.S. Pat-

ent 5,391,199 and further in PCT patent document WO96/05768

(U.S. Patent Application Serial No. 08/793,371 filed May 14,

1997) , the disclosure of which is incorporated herein by refer-

ence. The position and orientation coordinates of the distal

10 segment 28 are then ascertained by determining the position and

orientation coordinates of the sensor 26. The sensor 26 may

comprise one or more antennas, for example one or more

coils 36. It should be understood that placement of the trans-

mitters 16, as well as their size and shape, will vary accord-

15 ing to the application of the invention. Transmitters useful in

a medical application comprise wound annular coils varying from

about 2 to 2 0 cm in outer diameter, and from about 0.5 to 2 cm

thick, in a coplanar, triangular arrangement, in which the cen-

ters of the coils are spaced apart by about 2 to 30 cm. Bar-

20 shaped transmitters, triangular and square coils could all be

useful for such medical applications. Moreover, in instances

where a prone patient is the subject of a procedure involving

the instant invention, the transmitters 16 are positioned at or

below the surface upon which the patient is resting, substan-

25 tially directly below the portion of the patient's body wherein

a procedure is being performed. In other applications, the

transmitters may be fairly close to the skin of the patient.

[0044] The transmitters 16 are driven by the control

unit 18. The signals received by the sensor 26 are amplified

30 and processed, together with a representation of the driving

signals in a signal processor within the control unit 18 to
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provide an indication of the position and orientation of the

distal segment 28. The transmitters 16 may be arranged in any-

convenient position and orientation, so long as they are fixed

in respect to some reference frame, and so long as no two of

5 the transmitters share the same location, i.e., position and

orientation. When driven by the control unit 18, the transmit-

ters 16 generate a multiplicity of distinguishable AC magnetic

fields that are sensed by the sensor 26. The magnetic fields

are distinguishable with regard to the frequency, phase, or

10 both frequency and phase of the signals in the respective mag-

netic fields. Time multiplexing of the different magnetic

fields is also possible.

[0045] The sensor 26 may consist of a single coil, but

more commonly it has two or more and even three sensor coils 3 6

15 wound on either air cores or a core of material. The coils 36

have mutually orthogonal axes, one of which is conveniently

aligned with the longitudinal axis of the catheter 24. The

coils 3 6 are either interconnected, as shown in the inset of

Fig. 1, or can be closely spaced along the longitudinal axis of

20 the catheter 24 to reduce the diameter of the sensor 26. For

most aspects of the present invention, quantitative measurement

of the position and orientation of the distal segment 2 8 rela-

tive to a reference frame is necessary. This fixed frame of

reference requires at least two non-overlapping transmitters 16

25 that generate at least two distinguishable AC magnetic fields

for reception by the sensor 26. There should be at least two

non-parallel coils 36 in the sensor 26 to measure the magnetic

field flux resulting from the distinguishable magnetic fields.

To determine six position and orientation coordinates (X, Y, Z

30 directions and pitch, yaw and roll orientations) of the distal

segment 28, it is desirable that at least two coils 36 and
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three transmitters 16 be present in the locating and mapping

subsystem 14. Three coils would typically be used to improve

the accuracy and reliability of the position measurement. In

other applications, where fewer position and orientation coor-

5 dinates are required, only a single coil may be necessary in

the sensor 26. Specific features and functions of a single axis

positioning system having only one coil are described in com-

monly assigned U.S. Patent 6,484,118, which is incorporated

herein by reference. In one embodiment the coils 36 have an in-

10 ner diameter of 0.5 mm and have 800 turns of 16 micrometer di-

ameter to give an overall coil diameter of 1-1.2 mm. The effec-

tive capture area of each coil is typically about 400 mm2 . It

will be understood that these dimensions may vary over a con-

siderable range. In particular, the size of the coils 36 can be

15 as small as 0.3 mm (with some loss of sensitivity) and can ex-

ceed 2 mm. The wire size of the coils 36 can range from 10-31

micrometers, and the number of turns may vary between 3 00 and

2600, depending on the maximum allowable size and the wire di-

ameter. The effective capture area should be made as large as

20 feasible, consistent with the overall size requirements. While

the usual sensor coil shape is cylindrical, other shapes can

also be used. For example, a barrel -shaped coil can have more

turns than a cylindrical coil of the same diameter.

[0046] The leads 34 carry signals detected by the sen-

25 sor 26 to the control unit 18 for processing in order to gener-

ate the required position and orientation information. The

leads 34 can be twisted pairs to reduce pick-up and may be fur-

ther electrically shielded.

[0047] The sensor 26 is useful not only to determine

30 when the distal segment 28 is in its operative position, but

also to determine when the heart 32 is not in motion, for exam-
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pie during diastole. Alternatively, the sensor 26 can be omit-

ted from the catheter 24, and the location of the distal seg-

ment 2 8 determined using other sensing or imaging means known

to the art. In such case, other components of the locating and

5 mapping subsystem 14 that are unneeded by such imaging means

are also omitted.

[0048] A console 38 enables a physician 40 or other

user to observe and regulate the functions of the catheter 24.

The console 3 8 includes a computer, keyboard, and display. The

10 console 3 8 also includes control circuits to permit control and

operation of the catheter 24 and the control unit 18, and in

particular to start and stop the collection of data.

[0049] A signal processor in the control unit 18 has

circuits that receive, amplify, filter and digitize various

15 signals received from the catheter 24, including signals gener-

ated by the sensor 26 and by the monitoring electrode 30. Cir-

cuits of the signal processor further compute the position and

orientation of the distal segment 28 as well as the electrical

characteristics of the portions of the heart 32 from the sig-

20 nals generated by the sensor 26 and the monitoring elec-

trode 30. The circuits of the signal processor can also process

body surface electrocardiogram signals. The digitized signals

generated by the circuits of the signal processor are received

by the computer of the console 38 for the reconstruction and

25 visualization of an electrical or electromechanical map of a

portion of the heart 32, for example a chamber wall 42 or in-

teratrial septum 44

.

[0050] Reference is now made to Fig. 2, which is an

enlarged schematic view of the distal segment 28 of the cathe-

30 ter 24 (Fig. 1). To perform an ablation procedure, the stent 20

is typically carried by an inflatable balloon 46 to a cardiac
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site of the patient proximate the target tissue 12 by the

catheter 24. Structurally the stent 20 includes a coil 48,

which is incorporated in or attached to a ring structure 50.

The coil has a characteristic resonant frequency, which is used

5 in the ablation process, as described hereinbelow. The ring

structure 50 provides structural support for the coil 48, and

may have dielectric properties. The balloon 46 is shown in an

inflated state. However, during the insertion procedure it is

typically at least partially deflated. The stent 20 can be

10 fixed in place at its operative site by inflating the bal-

loon 46, so as to urge the stent 20 against the inner wall of

the pulmonary vein 22 (Fig. 1). Additionally or alternatively,

resistive heating of the coil 48 may be employed to control ex-,

pansion of the stent 20 within the pulmonary vein 22. Then, in

15 order to withdraw the catheter 24, the balloon 46 is again de-

flated, at which time it separates from the stent 20, and the

stent 20 remains attached to the pulmonary vein 22.

[0051] Alternatively, the stent 20 may comprise an

elastic material, i.e., a superelastic material such as niti-

20 nol, which is held by the catheter 24 in a compressed state

during insertion into the heart 32. When the distal segment 28

of the catheter 24 reaches the operative site at which the

stent 20 is to be deployed, such as within the pulmonary vein

22, the catheter 24 releases the stent 20. The elastic proper-

25 ties of the stent material cause the stent 20 to expand out-

ward, thus anchoring the stent 2 0 against the inner wall of the

pulmonary vein 22

.

[0052] Referring again to Fig. 1, typically the

stent 20 is positioned within or at the ostium of a pulmonary

30 vein or within a pulmonary vein near the ostium. In some appli-

cations it may be required that instances of the stent 2 0 be
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placed in multiple pulmonary veins, or even in all of the pul-

monary veins. Placement of an intravascular catheter and deliv-

ery of a stent on an anchoring balloon is described in commonly

assigned Application No. 10/062,698, entitled "Radio Frequency

5 Pulmonary Vein Isolation", which is herein incorporated by ref-

erence. As the techniques of cardiac catheterization are well-

known in the art, further description is omitted in the inter-

est of brevity.

[0053] After the stent 20 is inserted, the catheter 24

10 is usually withdrawn from the proximity of the target tis-

sue 12, leaving the stent 20 in place. Generally, the cathe-

ter 24 remains in the left atrium in order to monitor the abla-

tion process, using the monitoring electrode 30. The control

unit 18 then drives the transmitters 16 to generate an electro-

15 magnetic field at the resonant frequency fr of the stent 20. A

power output from the transmitters 16 of 50 watts at a fre-

quency of 13.56 MHz is suitable. The stent 20 experiences this

electromagnetic field, and re-radiates electromagnetic energy

at the resonant frequency fr . The target tissue 12 absorbs re-

20 radiated RF energy, raising the temperature of the target tis-

sue 12 to about 50 degrees C, which ablates the target tis-

sue 12, and produces non-electroconductive lesions, thereby

creating a conduction block. Alternatively or additionally, the

temperature of the stent 2 0 itself increases responsive to the

25 electromagnetic fields of the transmitters 16, which accom-

plishes ablation by direct conduction of heat from the stent 20

to the target tissue 12.

[0054] Typically, the lesions produced by the ablation

form one or more circumferential conduction blocks around a

3 0 pulmonary vein at or near the sites of contact of the stent
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with the pulmonary vein. In one application, if an arrhythmia

originates from an identified location in a pulmonary vein, a

circumferential conduction block is formed along a path of the

wall tissue that either includes the arrhythmogenic origin,

5 thereby eliminating the source, or the block is formed between

the origin and the left atrium, thereby preventing conduction

of unwanted signals.

[0055] Reference is now made to Fig. 3, which is an en-

larged schematic diagram illustrating electrical aspects of the

10 stent 20 (Fig. 1), which is constructed and operative in accor-

dance with a disclosed embodiment of the invention. The

stent 20 comprises the coil 48 and a capacitor 52, which is

electrically connected to the coil 48. The coil 48 is can be

made of a resistive metal such as nitinol having elasticity and

15 a shape memory. The coil 48 typically has approximately 15

loops. Because of its geometry the coil 48 behaves as an induc-

tor. It should be noted that in choosing the reactance of the

coil 48, a tradeoff is required between the desirability of a

high quality factor (Q) to assure efficient power transfer, and

20 the resistive heat desired to be developed in the stent cir-

cuit. This tradeoff will be readily apparent to those skilled

in the art from a consideration of the basic physics governing

the operation of such circuits.

[0056] Preferably, the stent 20 is calibrated at the

25 time of manufacture to determine its precise resonant fre-

quency, which may vary based on manufacturing variations of

both the inductor, the capacitor, and the precise geometry of

the stent. However, it may be desirable to determine the pre-

cise resonant frequency when the stent 2 0 is in is operative

30 position. This can be accomplished inductively, using a dip me-

ter .
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[0057] In some embodiments, the stent 20, including the

coil 48, is made of a biodegradable material, for example poly-

mer polylactide and trimethylene carbonate polymers. After in-

sertion, the stent 20 remains firmly engaged circumferentially

5 with the inner lining of the pulmonary vein as a result of its

elasticity and shape memory. In these embodiments, the stent 20

is allowed to remain in situ following the ablation procedure,

and it is eventually resorbed. While it remains intact, the

stent 20 may continue to function as a re-radiator of RF energy

10 from the transmitters 16, should repeated ablative procedures

be required. In such embodiments, the continued presence of the

stent 20 in the pulmonary vein may have the additional benefit

of reducing the risk of contracture and stenosis of the pulmo-

nary veins. In still other embodiments, besides remaining in

15 situ, the stent 20 is also coated with a drug, which acts lo-

cally to prevent stenosis of the vessel or delivers other de-

sired therapy, as disclosed in the above-noted Application

No. 10/062,698.

[0058] Although the capacitor 52 is shown in Fig. 3 as

20 a discrete component, the inherent capacitance of the material

of the stent itself is also significant in determining the

resonant frequency of the stent 20. In some embodiments, this

inherent capacitance is sufficient to give the desired reso-

nance, in which case a separate capacitor is not needed.

25 [0059] Reference is now made to Fig. 5, which is an

electrical schematic of a parallel LC resonant circuit 54. The

circuit 54 is an equivalent circuit for the stent 20 (Fig. 3) .

The circuit 54 comprises an inductor 56 and a capacitor 58 con-

nected thereacross, the values being chosen so that the reso-

3 0 nant frequency fr of the circuit 54 corresponds to the fre-

quency of the RF electromagnetic field to be applied by the
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transmitters 16. In embodiments of the present invention with a

single capacitor, as shown in Fig. 3 and Fig. 5, the resonant

frequency fr is given by:

5 where L is the inductance of the inductor 56, and C is the ca-

pacitance of the capacitor 58.

[0060] A resonant frequency that does not correspond to

any clinically relevant frequencies or harmonics thereof should

be used, such as 13.56 MHz. If, for example, the capacitor 58

10 has a capacitance C of 60 pF, and the inductor 56 has an induc-

tance L of 2.30 /xH, a resonant frequency fr of 13.56 MHz re-

sults. The inductor 56 is designed and manufactured so as to be

characterized by a quality factor of at least 100 at 13.56 MHz.

[0061] Reference is now made to Fig. 4, which schemati-

15 cally illustrates a stent circuit 60, which is constructed and

operative in accordance with an alternate embodiment of the in-

vention. The resonant frequency of the stent circuit 60 can- be

selected to match the output of a transmitter. The stent cir-

cuit 60 may be used as the stent 20 in the system 10 (Fig. 1)

.

2 0 The stent circuit 60 comprises a coil 62 comprising one or more

loops of wire mad^ of a resistive alloy, such as Nitinol or a

nickel -chromium alloy. A control chip 64 is included in the

stent circuit 60, and is responsive to current flowing there-

through. The control chip 64 automatically operates the

25 switch 71 to switch capacitors 66, 68, 70 into the circuit se-

quentially, and locks the capacitor into the circuit that re-

sults in a resonant frequency that most closely approximates

that of the transmitter. This embodiment has the advantage of

adaptively changing the resonant frequency of the stent, which



47548 Ver. 47548S5.doc

is useful if the size and/or shape of the stent is to be ad-

justed during implantation in the pulmonary vein, for example

by expanding the stent using a balloon. Such changes in size

also change the inductance of the coil, and therefore affect

5 the resonant frequency of the circuit, which may then be ad-

justed by selecting the proper capacitor. The possibility of

adjusting the resonant frequency by capacitor selection is also

useful if more than one stent needs to be implanted and selec-

tively energized in the same patient. The transmitter can then

10 be tuned to the frequency of the stent needing activation.

Operation

.

[0062] Reference is now made to Fig. 6, which is a flow

chart illustrating a method of electrical isolation of a pulmo-

nary vein in accordance with a disclosed embodiment of the in-

15 vention. The procedure begins at initial step 72, in which

catheterization of the heart is accomplished. A resonant stent

is removably affixed to an intravascular catheter. The venous

system may be accessed using the well-known Seldinger tech-

nique, in which an introducer sheath is positioned in a periph-

20 eral vein, typically a femoral vein. A guiding sheath is intro-

duced through the introducer sheath, and is advanced via the

inferior vena cava into the right atrium. Then, using a Brock-

enbrough needle, the fossa ovalis of the interatrial septum is

punctured, and the puncture dilated if necessary. The Brocken-

25 brough needle is withdrawn, and the guiding sheath placed in

the left atrium. Alternatively, other methods known in the art

may be used to access the left atrium, with or without the as-

sistance of a guiding sheath and guidewire, as described below.

[0063] Next, at step 74, a pulmonary vein is chosen,

3 0 and a guidewire is advanced through the guiding sheath, through
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the left atrial chamber, . and into the selected pulmonary vein.

The order in which the specific pulmonary veins are visited and

treated is arbitrary, but it is preferable to concentrate first

on the two superior pulmonary veins, in which the muscular

5 sleeves are more prominent than in the inferior pulmonary

veins. Thereafter, the inferior pulmonary veins may be iso-

lated. Typically, an ablation procedure involves the isolation

of all four pulmonary veins

.

10 drawn, and an ablation catheter is slidably tracked over the

guidewire, using the guidewire lumen of the catheter. The

catheter is advanced into the left atrium. While maneuvering

the catheter in the heart, its position may be monitored by a

location and mapping system as disclosed in the above-noted

15 U.S. Patent No. 5,840,02 5, or alternatively by conventional im-

aging modalities. During placement, the anchoring balloon of

the catheter remains deflated, and the stent is radially col-

lapsed about the exterior wall of the anchoring balloon. The

diameter of the collapsed stent is smaller than the diameter of

20 the pulmonary vein, such that the stent is movable within the

lumen of the vein. The stent is positioned at or within the

ostium of the selected pulmonary vein. The stent is caused to

expand radially, and to engage a circumferential area of the

inner lining of the pulmonary vein in which the target tissue

25 is located.

flating the balloon, which urges the stent radially outward to-

ward the inner wall of the pulmonary vein. In some embodiments,

the shape memory of the coil alloy can be exploited to cause

30 the stent to expand by resistively heating the coil, or the

coil may be sufficiently elastic to expand of its own accord

[0064] Next, at step 76, the guiding sheath is with-

[0065] Expansion of the stent is accomplished by in-



47548 Ver . 47548S5 .doc

22

when released by the catheter. The radially expanded stent en-

gages the pulmonary vein in a continuous line that runs circum-

ferentially about the pulmonary vein proximate its ostium, such

that the principal axis of the stent is substantially aligned

5 coaxially with the pulmonary vein. Perfusion of the area

through a catheter port may be employed in order to minimize

stasis of blood in the region, particularly in embodiments in

which resistive heating of the stent is a predominant effect.

Optionally, where stenting is not intended, the coil is not ex-

10 panded.

is confirmed, the catheter is withdrawn. In embodiments in

which the stent is carried on a balloon, the balloon is de-

flated. The catheter is repositioned within the left atrium, so

15 that signals from its monitoring electrodes can inform the op-

erator as to the progress of the ablation. When stenting is not

required, the catheter is not withdrawn.

transmitter is energized, and radiofrequency energy is con-

2 0 ducted from the transmitter to the stent. The stent, being

resonant at the frequency of the transmitter, re-radiates ra-

diofrequency energy. The transfer of radiofrequency energy from

the stent to the pulmonary vein occurs in a single, relatively

short application. An external radiofrequency generator is con-

25 figured such that reradiated RF energy should heat the target

tissue to about 50 degrees C. The energy application may be

controlled in response to continuous electrophysiological moni-

toring, an end point being reached when a conduction block is

confirmed across the line of ablation. Alternatively, the end

3 0 point could be delivery of a predetermined amount of energy to

the target tissue, or the expiration of a time interval. The

[0066] Next, at step 78, once the position of the coil

[0067] Next, at step 80, the external radiofrequency
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stent is generally left in place following the procedure. Op-

tionally, it can be removed.

[00 6 8] Control now proceeds to decision step 82 , where

a determination is made whether more pulmonary vein ostia re-

5 main to be treated. If the determination at decision step 82 is

affirmative, then control returns to step 74. In subsequent it-

erations of steps 74 - 80, it is desirable that each of the

stents emplaced in different pulmonary veins have different

resonant frequencies, in order to individualize the transfer of

10 energy to each pulmonary vein without affecting other pulmonary

veins. Alternatively, if only one resonant frequency is em-

ployed for multiple stents, then step 80 should be deferred un-

til completion of stenting of all the pulmonary veins in order

to prevent reheating of previously ablated areas.

15 [0069] If the determination at decision step 82 is

negative, the process ends at final step 84.

[0070] It will be appreciated by persons skilled in the

art that the present invention is not limited to what has been

particularly shown and described hereinabove. Rather, the scope

20 of the present invention includes both combinations and sub-

combinations of the various features described hereinabove, as

well as variations and modifications thereof that are not in

the prior art, which would occur to persons skilled in the art

upon reading the foregoing description.

25


